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Key Points:8

• Large-eddy simulations of marine stratocumulus show cells growing until an equilibrium9

aspect ratio of about 25-30 after about 20 hours.10

• An inverse cascade transfer energy from small-scale vertical thermals to the large-scale11

horizontal field.12

• Upscale growth resembles superstructures in Rayleigh–Bénard convection, suggesting a13

key role of kinetic energy transfers.14
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Abstract15

Stratocumulus clouds are shallow convective clouds that exhibit mesoscale cellular organ-16

isation, with cell sizes of about 25–30 times the boundary-layer depth. Yet the physical processes17

controlling this large and robust aspect ratio remain unclear. Here we investigate this question18

using large-eddy simulations (LES) that reproduce the diurnal cycle of marine stratocumulus.19

The simulations show an upscale growth of the cellular organisation at a rate of about one20

boundary-layer depth per hour (≈+1 h−1), until an equilibrium consistent with observations is21

reached. To analyse energy transfers across scales, we apply a turbulent energy cascade method-22

ology to the 3D wind field. We find an inverse cascade of turbulent kinetic energy, transferring23

energy from small-scale vertical thermals, constrained by the boundary-layer depth, to large-scale24

horizontal structures. This cross-advection transfer acts mostly at night, when the boundary layer25

is coupled to the surface; during the day, decoupling gives rise to an isotropic horizontal–horizontal26

inverse cascade that also contributes to the mesoscale organisation. Additionally, the cells also27

feed a forward cascade, transferring their energy horizontally from the cell scale to smaller scales.28

These results suggest that the upscale growth of cells in the stratocumulus-topped bound-29

ary layer is more consistent with a control by kinetic energy transfers and by stratification at the30

surface and cloud top than by humidity–radiation interactions. These findings are consistent with31

recent studies of superstructures in Rayleigh–Bénard convection simulations. Future work should32

now focus on the links between such dry superstructures and mesoscale organisation of atmo-33

spheric boundary layers, and on plume-plume and plume-environment interactions.34

1 Introduction35

Stratocumulus-topped boundary layers are low-level clouds that mostly occur over the sub-36

tropical ocean basins, either under strong atmospheric subsidence and ocean upwelling currents,37

or over the subsiding branches of extratropical cyclones [Wood, 2012]. Stratocumulus clouds form38

where a vertical temperature contrast exists between a cold surface and a temperature inversion39

at the boundary-layer top. While subsidence plays an important role in forming stratocumulus40

in baroclinic systems, it is mostly boundary-layer-top radiative cooling that maintains subtrop-41

ical stratocumulus, by driving coherent downward plumes (downdrafts) that homogenize the mixed42

cloud layer together with surface-based coherent updrafts [Brient et al., 2024].43

Stratocumulus-topped boundary layers are characterized by condensate within the mixed44

boundary layer itself, in contrast to cumuliform clouds, which form in a stable layer above a dry,45

well-mixed subcloud layer. Stratocumulus also extend over very large horizontal areas while re-46

maining constrained in boundary-layer depth, typically 0.5–3 km. In the South-East Pacific, the47

most extensive stratocumulus region, low clouds cover horizontal distances of order 3000 km,48

implying a domain-scale aspect ratio of Γdomain ∼1000–3000. Within this large-scale extent, clouds49

organize into a cellular pattern that has been clearly visible since the earliest satellite observa-50

tions [Krueger and Fritz, 1961]. Individual cell size tends to increase with surface temperature51

and boundary-layer depth, and in fact scales remarkably well with boundary-layer depth: this yields52

a cellular aspect ratio Γcell ∼25–30 that is close to constant across a wide range of conditions53

[Wood and Hartmann, 2006], albeit with a pronounced diurnal cycle [Monnier et al., 2026]. To54

date, no consensus physical mechanism has been established to explain the growth, maintenance,55

and apparent universality of Γcell.56

Under weaker large-scale subsidence and/or higher surface temperature, well-mixed stratocumulus-57

topped boundary layers tend to decouple, evolving into cumulus-under-stratocumulus configu-58

rations [Rémillard et al., 2012] or open-cell stratocumulus [Feingold et al., 2010], associated with59

conditional instability, wind shear, and/or precipitation [Bretherton and Wyant, 1997]. Interest-60

ingly, although closed and open cells lie at opposite ends of this transition, they exhibit similar61

spatial patterns [Glassmeier and Feingold, 2017]. Together with the broad diversity of mesoscale62
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cloud organization [Stevens et al., 2020], this similarity motivates the search for common phys-63

ical processes rather than regime-specific explanations.64

Given their cellular structure, stratocumulus mesoscale organization is often compared to65

canonical Rayleigh–Bénard convection — natural convection driven by heating from below and66

cooling from above [Ahlers et al., 2009]. The classical theory naturally produces cellular patterns67

with aspect ratios of order 1–3, but is not able to explain the much larger horizontal structures68

observed in stratocumulus (Γcell ∼25–30). Relating atmospheric boundary layers to Rayleigh-69

Bénard convection was an active research topic in the late 20th century [Agee et al., 1973; Kr-70

ishnamurti, 1975; Fiedler, 1985; Cieszelski, 1998], but the absence of a physical theory extend-71

ing Rayleigh-Bénard dynamics to these large-scale structures has since undermined the analogy72

[Atkinson and Wu Zhang, 1996].73

More recently, however, Rayleigh-Bénard convection has offered new insight into how large-74

scale structures can grow, via the process of supergranule aggregation: the gradual clustering of75

small convective cells into large-scale structures, which can occur spontaneously in high-resolution76

Direct Numerical Simulations (DNS) of Rayleigh-Bénard convection [Pandey et al., 2018; Vieweg77

et al., 2021]. This aggregation is not generic, however, but requires a specific regime: high Rayleigh78

number, negligible background rotation, and Neumann boundary conditions at the surface (i.e.,79

a prescribed vertical temperature gradient rather than a prescribed temperature) [Green et al., 2020].80

Under these conditions, the aggregation can be explained by an inverse cascade of kinetic energy81

and thermal variance, which transfers energy toward low wavenumbers (large scales) and sus-82

tains horizontally extended convection until growth saturates at the domain size [Vieweg et al.,83

2022].84

Strikingly, a similar upscale growth of cellular structures has also been reproduced with85

large-eddy simulations (LES) under realistic stratocumulus conditions [de Roode et al., 2004; Kazil86

et al., 2017; Zhou and Bretherton, 2019; Ouyang et al., 2026] — but attributed to the opposite87

mechanism. There, upscale cell growth is explained by buoyancy forcing acting directly at the88

cell scale, which transfers energy downscale, explicitly ruling out an inverse-cascade interpre-89

tation. This is a genuine discrepancy between studies of superficially similar phenomena that in-90

voke different physical explanations. Whether this reflects a real difference between dry Rayleigh-91

Bénard convection and moist, radiatively-forced stratocumulus, an artifact of differing numer-92

ical setups (DNS vs. LES, domain size, resolution), or an incomplete diagnosis of the energy cas-93

cade in one or both cases, remains unresolved.94

In this study, we investigate the physical mechanisms driving the upscale growth of stra-95

tocumulus cells in large-eddy simulations, with the aim of clarifying this apparent contradiction.96

Building on the idea that stratocumulus cells behave analogously to supergranule aggregates of97

liquid water within the mixed boundary layer, we adopt a energy cascade framework to diagnose98

the direction and mechanisms of energy transfer governing cell growth. Because cellular patterns99

are also observed in other atmospheric configurations, such as the dry convective boundary layer100

[Lareau et al., 2018], actiniform clouds [Garay et al., 2004] or altocumulus [Schmidt et al., 2013],101

we anticipate that the physical drivers identified here may extend beyond stratocumulus to the spa-102

tial organization of shallow atmospheric layers more broadly.103

The remainder of this article is organized as follows. Section 2 describes the large-eddy104

simulations used to model the mesoscale organization of stratocumulus. The scale-to-scale en-105

ergy cascade methodology is presented on section 3 and applied at different altitudes on section 4.106

Section 5 describes how the three-dimensional wind field helps understand the temporal growth107

of cells. Section 6 discusses the physical interpretation of our results in light of the DNS/LES108

discrepancy identified above, and Section 7 concludes.109
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2 Large-eddy simulation of stratocumulus110

2.1 The setup111

Stratocumulus clouds are represented following the setup of the European Project on Cloud112

Systems (EUROCS) First ISCCP Regional Experiment (FIRE) model intercomparison study [Duynkerke113

et al., 2004], using the non-hydrostatic Meso-NH model v5.7.0 [Lac et al., 2018]. The setup re-114

produces the meteorological conditions associated with the persistent cloud layer observed dur-115

ing the FIRE-I field campaign off the coast of California. Sea surface temperature and specific116

humidity are set to the intercomparison values (16◦C and 11 g/kg, respectively), as are the ini-117

tial vertical profiles of liquid-water potential temperature (𝜃𝑙) and total water mixing ratio (𝑞𝑡 ),118

which feature a strong inversion near 600 m altitude (Δ𝜃𝑙 ≈ 12 K, Δ𝑞𝑡 ≈ −3 g/kg). Horizon-119

tal winds are set to constant geostrophic values (𝑢=3.4 m/s, 𝑣=−4.9 m/s). Large-scale vertical ve-120

locity (-0.012 m/s at model top) and large-scale humidity and temperature forcings are taken from121

the intercomparison setup, yet with slight modification to allow stable long-term integration.122

Reproducing large-aspect-ratio cellular patterns requires a sufficiently large domain [de Roode123

et al., 2004]. Since investigating both the long-term upscale growth and the fine-scale physical124

mechanisms driving it requires, respectively, a large domain and a fine resolution, we define two125

complementary configurations:126

• A low-resolution (LR) simulation over a domain of 90 km × 90 km with 300 m horizon-127

tal grid spacing, giving a domain aspect ratio Γdomain ≈ 150.128

• A high-resolution (HR) simulation over a domain of 25.6 km × 25.6 km with 50 m hor-129

izontal grid spacing, giving Γdomain ≈ 42.130

The vertical grid spacing is 10 m throughout the boundary layer, refined to 5 m across the inver-131

sion (560–620 m), and coarsened progressively to 500 m near the domain top (z = 4000 m), with132

97 vertical levels in total. All analysis use a rescaled vertical grid with homogeneous 10 m grid133

spacing. Both simulations use periodic lateral boundary conditions and a time step of 1 s with134

the 1.5-order TKE subgrid turbulence scheme. The water phase transformation is simulated with135

a two-moment warm microphysics parametrization [Geoffroy et al., 2010; Khairoutdinov and Ko-136

gan, 2000]. The LR simulation is run for 4 days to reach a statistically steady boundary layer (af-137

ter 2 days). As the HR simulation is used specifically to analyze the upscale cellular growth, it138

is only run for 1 day.139

Surface buoyancy fluxes are computed at each time step using a bulk aerodynamic formula140

[Masson et al., 2013], and clear-sky and cloudy radiative fluxes are computed interactively us-141

ing the ECMWF radiation scheme [Gregory et al., 2000]. The simulation thus has fully inter-142

active surface and radiative heat fluxes at its boundaries. Rain formation is switched off through-143

out.144

2.2 Simulation of Stratocumulus145

Figure 1 shows liquid water content and liquid water path (mean value and variance) for146

the long-term LR simulation. The simulated stratocumulus-topped boundary layer remains con-147

fined within the lowest 600 m of the atmosphere and exhibits a clear diurnal cycle in domain-averaged148

cloud liquid water content. Around sunrise (approximately 06:00 local time), solar absorption149

within the cloud layer reduces cloud-top radiative cooling and the associated in-cloud buoyancy150

production, weakening turbulent mixing and promoting decoupling with a stable layer near cloud151

base. This suppresses moisture transport from the surface layer into the cloud layer, raising the152

cloud-base height by approximately 100 m and reducing the domain-mean liquid water path (LWP)153

by approximately 67% relative to its nighttime value. Liquid water content recovers through the154

afternoon and evening as solar heating weakens and cloud-top cooling resumes, reaching a night-155

time maximum of approximately 0.23 kg/m2. This diurnal cycle is consistent across the simu-156

lated days, indicating a statistically repeatable response rather than a transient adjustment.157
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While the domain-averaged LWP follows an approximately sinusoidal diurnal cycle, its spa-158

tial variance (𝜎2) peaks during each daytime period, lagging the LWP minimum (i.e., maximum159

decoupling) by approximately 4 hours. The standard deviation 𝜎 falls to a comparatively low,160

roughly constant nighttime value of approximately 2·10−2 kg/m2, punctuated by a secondary, smaller161

maximum just before sunrise.162

The spatial distribution of LWP corroborates this picture (Figure 2), showing both the day-163

time increase in domain-mean LWP and the associated increase in its spatial variance, driven pri-164

marily by a stronger reduction of liquid water content at cell edges relative to cell interiors. The165

same figure reveals a progressive increase in mean cell size over time. The cellular mesoscale166

organization has become visibly aligned with the mean wind direction (146° S/SE), producing167

roll-like features that are most pronounced during daytime periods of weaker vertical mixing. Fig-168

ure 2 also shows the organisation of the thermal field and of the turbulent kinetic energy (anoma-169

lies of the vertical-averaged field). The thermal field – defined through the liquid-water poten-170

tial temperature 𝜃𝑙 (𝜃 in the rest of the article for simplification) – exhibits a continuous growth171

of its cellular organisation, closely following that of the LWP. In contrast, the organisation of the172

TKE is less clear-cut and strongly modulated by the diurnal cycle, with minimum values during173

daytime. The HR simulation displays the same behaviour as the LR simulation (not shown).174

To situate this configuration relative to Rayleigh–Bénard convection studies, we estimate175

order-of-magnitude values of the Prandtl, Rayleigh and Nusselt numbers from their classical def-176

initions:177

Pr =
𝜈

𝛼
, Ra =

𝑔𝛽Δ𝜃𝑣 H3

𝜈𝛼
, Nu =

𝑄0 H
𝐾 Δ𝜃𝑣

, (1)

where 𝜈 its kinematic viscosity, 𝛼 its thermal diffusivity, 𝑔 is the gravitational acceleration, 𝛽 the178

thermal expansion coefficient of air, 𝐾 its thermal conductivity. The boundary-layer depth H is179

defined as the altitude of maximum gradient of 𝜃 (approximately 560–580 m – see Figure. 1). The180

temperature scale Δ𝜃𝑣 is the difference between the mean virtual potential temperatures of the181

50-m-deep layers located immediately above and below H. The forcing 𝑄0 is the net heat flux182

driving the convection, defined as the sum of the boundary-layer radiative cooling and the sur-183

face buoyancy flux, both expressed in W m−2.184

In a DNS, 𝜈 and 𝛼 are the molecular coefficients and all scales down to the dissipative range185

are resolved. In an LES, the smallest scales are instead represented by a subgrid closure, whose186

effective eddy viscosity and diffusivity greatly exceed the molecular values and depend on the187

grid resolution. We therefore evaluate 𝜈 and 𝛼 from Sutherland’s law with molecular air prop-188

erties. This makes Pr and Ra more comparable to the Rayleigh-Bénard literature, although they189

do not correspond to the eddy diffusivity acting in the simulation. With this choice, Pr remains190

close to 0.71 throughout the simulation, varying by less than 0.1 % (Fig. 3). The Rayleigh num-191

ber is of order 1017 (between 1.2 and 2 × 1017, typically around 1.5 × 1017), which chaAddi-192

tionalyracterizes fully developed turbulent free convection, far beyond the range usually reached193

by DNS. The Nusselt number is of order 105 but is strongly modulated by the diurnal cycle of194

the boundary-layer radiative tendency (it changes sign with 𝑄0). These estimates are necessar-195

ily approximate. They are intended to situate our configuration relative to the Rayleigh-Bénard196

DNS regime rather than to establish a precise dynamical equivalence.197

2.3 Mesoscale organisation198

For a given 2D field 𝜙(𝑥, 𝑦) with periodic boundary conditions, the variance spectrum is199

used to decompose the total variance 𝜎2
𝜙

across horizontal scales:200

𝜎2
𝜙 =

∬
P𝜙 (𝑘𝑥 , 𝑘𝑦) d𝑘𝑥 d𝑘𝑦 , P𝜙 (𝑘𝑥 , 𝑘𝑦) =

|𝜙(𝑘𝑥 , 𝑘𝑦) |2

Δ𝑘𝑥 Δ𝑘𝑦
, (2)

where 𝜙 is the 2D discrete Fourier transform of 𝜙 (normalised by 𝑁𝑥𝑁𝑦 so that Parseval’s iden-201

tity holds), Δ𝑘𝑥 = 2𝜋/𝐿𝑥 and Δ𝑘𝑦 = 2𝜋/𝐿𝑦 are the wavenumber increments set by the do-202

–6–



Confidential manuscript submitted to ¡enter journal name here¿

main size (the integral being in practice a discrete sum), and P𝜙 is the variance density per unit203

wavenumber area.204

It is more convenient, however, to express the spectrum as a function of the single isotropic205

wavenumber206

𝑘𝑥𝑦 =

√︃
𝑘2
𝑥 + 𝑘2

𝑦 .

The 1D spectrum 𝑃𝜙 (𝑘𝑥𝑦) is obtained by integrating P𝜙 over the azimuthal angle 𝛼 of the hor-207

izontal wavevector kℎ = (𝑘𝑥 , 𝑘𝑦) = 𝑘𝑥𝑦 (cos𝛼, sin𝛼), i.e. along the circle of radius 𝑘𝑥𝑦 =208

|kℎ | centred on the origin of the (𝑘𝑥 , 𝑘𝑦) plane (in practice, summed over annuli of width Δ𝑘𝑥𝑦):209

𝑃𝜙 (𝑘𝑥𝑦) =
∫ 2𝜋

0
P𝜙 (𝑘𝑥𝑦 , 𝛼) 𝑘𝑥𝑦 d𝛼 𝜎2

𝜙 ≃
∫ 𝑘max

𝑘min

𝑃𝜙 (𝑘𝑥𝑦) d𝑘𝑥𝑦 . (3)

𝑃𝜙 (𝑘𝑥𝑦) is computed between 𝑘min = 2𝜋/𝐿 (𝐿 = 𝐿𝑥 = 𝐿𝑦) and 𝑘max = 𝜋/Δ𝑥, the Nyquist210

wavenumber.211

Figure 4 shows the radial variance spectrum of LWP over the first 48 hours of the LR sim-212

ulation, with variance increasingly concentrated at the lowest wavenumbers over time. We de-213

fine the mesoscale cellular length scale 𝜆LWP as the length scale corresponding to the peak of the214

smoothed variance spectrum at each time step (i.e., 𝜆LWP = 2𝜋/𝑘peak), and the corresponding215

aspect ratio as ΓLWP = 𝜆LWP/H. The LR simulation reaches peak values comparable to satellite-216

derived estimates (25-35) after approximately 20 hours (Figure 4).217

The 4-day evolution confirms the upscale growth of the LWP cellular organisation (Fig-218

ure 5), with ΓLWP increasing at a rate of approximately +1.55 h−1 over the first 20 hours. ΓLWP219

then plateaus just below 30. At the onset of the second and third day, LWP variance increases again220

and ΓLWP rise to higher plateaus of approximately 35 and 40, which then remain roughly con-221

stant during ≈24h. Note that our simulations do not reproduce the downscale cellular organiza-222

tion that has been reported in observations [Monnier et al., 2026]. While solar radiation appears223

to modulate LWP characteristics (Figure 2), the upscale growth itself begins spontaneously in224

our simulation and subsequently becomes mostly decoupled from the diurnal cycle.225

Aspect ratios can similarly be computed for other vertically-averaged fields. Figure 5 shows226

aspect ratio of liquid-water potential temperature Γ𝜃 𝜃 , turbulent kinetic energy ΓTKE, and total227

humidity Γ𝑞𝑞 . While all agree on the significant increase in the first 16 hours, ΓTKE decrease at228

nighttime to value of around 10 while Γ𝑞𝑞 follows well ΓLWP. The aspect ratio of the thermal field229

however alters between ΓTKE and Γ𝑞𝑞 .230

Starting from the turbulent kinetic energy 𝑒 = 1
2 𝑢

′2 + 𝑣′2 + 𝑤′2, we compute the horizon-231

tal and vertical spectral components separately, using (𝑢′, 𝑣′) and 𝑤′ respectively:232

𝑃𝑒ℎ (𝑘𝑥𝑦) = 1
2
[
𝑃𝑢 (𝑘𝑥𝑦) + 𝑃𝑣 (𝑘𝑥𝑦)

]
, (4)

𝑃𝑒𝑣 (𝑘𝑥𝑦) = 1
2 𝑃𝑤 (𝑘𝑥𝑦), (5)

such that 𝑃𝑒 (𝑘𝑥𝑦) = 𝑃𝑒ℎ (𝑘𝑥𝑦) + 𝑃𝑒𝑣 (𝑘𝑥𝑦) integrates to the total TKE,
∫
𝑃𝑒 (𝑘𝑥𝑦) d𝑘𝑥𝑦 = 𝑒.233

Figure 5 shows the horizontal scale of kinetic energy variability is entirely set by the horizon-234

tal component, Γ𝑒ℎ, which decreases sharply at night and strengthens during daytime to reach235

ΓLWP estimates. At night, Γ𝑒ℎ approaches the comparatively constant value of the vertical-TKE236

aspect ratio, Γ𝑒𝑣 ≈ 5. The absence of upscale growth in the vertical-TKE aspect ratio suggests237

limited mesoscale organisation of vertical plumes at the scale of the LWP cells. Despite known238

diurnal mesoscale organisation of vertical plumes [Brient et al., 2024], vertical energy input is239

more constrained at scales around 5H than at the cell size.240

These results are consistent with the HR simulation (Figure 6), which exhibits qualitatively241

similar behaviour but with a slower upscale growth rate (+1.25 h−1) and a lower saturated aspect242

ratio after 36 hours (ΓLWP ≈25). The HR simulation shows an average value of Γ𝑒𝑣 of approx-243

imately 2.5, which is lower than that of the LR simulation, but with a more pronounced diurnal244
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cycle. As before, the spatial organization of the TKE field reflects the interplay between the small-245

scale organization of vertical plumes at nighttime and the mesoscale organization of liquid and246

thermal scalars at daytime.247

As the HR simulation reproduces well features simulated in the LR simulation, we use the248

former to analyzing the cellular upscale growth in the following sections.249

3 Energy cascade250

In fluid flows, the non-linearity of the Navier-Stokes equations couples different scales of251

motion, allowing energy to be transferred between them. In this section, we propose to quantify252

these energy transfers in the simulation using the turbulent energy cascade theory.253

The TKE budget can be expressed in Fourier space using Parseval’s identity. Let 𝐸̂ (k, 𝑡)254

be the three-dimensional spectral TKE density in wavenumber space and 𝐸 (𝑘, 𝑡) its shell-integrated255

counterpart, with 𝑘 = ∥k∥ and Ω the direction of k:256

𝐸 (𝑘, 𝑡) = 𝑘2
∬

4𝜋
𝐸̂ (k, 𝑡) d2Ω, (6)

such that 𝑒(𝑡) =
∫ ∞

0 𝐸 (𝑘, 𝑡) d𝑘 is the volume-averaged TKE. The simplified budget at scale 𝑘257

reads258
𝜕𝐸 (𝑘, 𝑡)
𝜕𝑡

= 𝜖inj (𝑘, 𝑡) − 𝜖diss (𝑘, 𝑡) − 𝑇 (𝑘, 𝑡), (7)

where the first two terms are injection and dissipation, and 𝑇 is the nonlinear energy transfer across259

scales. This transfer is a flux divergence in Fourier space, which defines the spectral energy flux260

Π(𝑘, 𝑡) (in m2 s−3):261

𝑇 (𝑘, 𝑡) = 𝑘2
∬

4𝜋
Re[TNL (k, 𝑡) · û∗ (k, 𝑡)] d2Ω =

𝜕Π(𝑘, 𝑡)
𝜕𝑘

. (8)

with TNL the Fourier transform of the nonlinear advection term (u · ∇)u. Since the nonlinear262

term only redistributes energy,
∫ ∞

0 𝑇 d𝑘 = 0 and integrating Eq. (7) over 𝑘 gives 𝜕𝑒/𝜕𝑡 = 𝜖inj−263

𝜖diss. By convention, Π(𝑘) > 0 corresponds to a net transfer of energy from large to small scales264

(direct cascade), and Π(𝑘) < 0 to the reverse (inverse cascade).265

Rather than evaluating Π(𝑘) via the Fourier-shell integral above, it is more practical in our266

setting to use the equivalent real-space, coarse-graining formulation [Alexakis and Biferale, 2018],267

in which the spectral flux is expressed as the rate of work done by the small-scale strain on the268

large-scale-filtered field:269

Π(𝑘, 𝑡) = u<𝑘 (r, 𝑡) · [(u · ∇)u], (9)

with (·) denotes a spatial average over the domain at a given time 𝑡. The large-scale-filtered field270

u<𝑘 retains only wavenumbers smaller than 𝑘:271

u<𝑘 (r, 𝑡) =
∭

∥𝜿 ∥<𝑘
û(𝜿, 𝑡) 𝑒𝑖𝜿 ·r d3𝜿. (10)

Here u = (𝑢′, 𝑣′, 𝑤′) is the resolved 3D wind field, and the sign convention chosen so that Π >272

0 denotes a direct (downscale) cascade, consistent with the definition above. The cascade can also273

be calculated for other variables, such as the spectral thermal variance flux Π𝜃 defined as:274

Π𝜃 (𝑘, 𝑡) = 𝜃<𝑘 (r, 𝑡) [u · ∇𝜃], (11)

with 𝜃 the liquid-water potential temperature. While useful for interpreting the evolution of the275

thermal field [e.g. Vieweg et al., 2022], this study will mostly use it for comparison with Π.276
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From simple dimensional analysis, one can derive the expected form of the energy spec-277

trum 𝐸 (𝑘) in statistically stationary, homogeneous, isotropic turbulence [e.g. Frisch, 1995]. In278

the inertial range (scales smaller than the forcing scale but larger than the dissipation scale), the279

spectral flux is neither produced nor dissipated and is therefore constant, Π(𝑘) = Π0. Since the280

mean energy flux per unit mass Π0 (m2/s3) can then depend only on wavenumber 𝑘 (m−1) and281

the spectrum 𝐸 (𝑘) (m3/s2), dimensional analysis yields the classical Kolmogorov −5/3 law:282

𝐸 (𝑘) ∝ Π
2/3
0 𝑘−5/3.

Thus, although the cascade maintains a constant spectral flux, energy is not evenly distributed283

across scales but follows the −5/3 power law between the forcing and dissipation scales (as shown284

on figure 2). This scaling holds only in a statistically stationary regime, i.e., when the forcing timescale285

is long compared with the cascade timescale.286

This picture, valid for 3D isotropic turbulence, breaks down when one spatial dimension287

is much smaller than the other two (high domain aspect ratio). In this quasi-two-dimensional limit,288

vortex stretching vanishes and vorticity becomes materially conserved following fluid parcels,289

giving rise to the distinct dynamics of 2D turbulence [Kraichnan, 1967; Leith, 1968; Batchelor,290

1969]. Geophysical fluids can be viewed as an intermediate state, quasi-two-dimensional at scales291

larger than the boundary-layer depth H (𝑘 < 2𝜋/H) and three-dimensional at smaller scales (𝑘 >292

2𝜋/H). This can result in a split cascade, with different cascade directions on either side of the293

energy injection scale [Celani et al., 2010; Alexakis and Biferale, 2018; Poujol et al., 2020]. Un-294

der those conditions, the forward cascade of enstrophy exhibits a −3 slope, while the inverse cas-295

cade of energy displays a −5/3 slope.296

By extending over thousands of kilometers horizontally while remaining confined to a boundary-297

layer depth of 0.5–2 km, the stratocumulus-topped boundary layer is strongly anisotropic and thus298

a plausible candidate for such a split-cascade regime.299

4 Application to 2D fields300

In line with conventional atmospheric science practices, the cascade methodology is first301

applied to horizontal (2D) fields. blinded of information at the altitude above and below it, as would302

be done by turbulence monitoring and structures functions derived from flight transect [e.g. Nowak303

et al., 2025] or Doppler Lidar data [e.g. Zhou et al., 2025]. Therefore, the vertical gradients are304

not used in the calculation.305

4.1 Budget of Turbulent Kinetic Energy306

We begin by analyzing the TKE budget as a function of height. Starting from the Navier–307

Stokes equations under the Boussinesq approximation [Stull, 1988], and assuming horizontal ho-308

mogeneity, the budget of the TKE 𝑒(𝑧) can be written as:309

𝜕𝑒(𝑧)
𝜕𝑡

+ 𝑤 𝜕𝑒(𝑧)
𝜕𝑧︸    ︷︷    ︸

Advection

= −𝑢′𝑤′ 𝜕𝑢

𝜕𝑧
− 𝑣′𝑤′ 𝜕𝑣

𝜕𝑧︸                     ︷︷                     ︸
Shear production

+ 𝑔

𝜃𝑣0
𝑤′𝜃′𝑣︸     ︷︷     ︸

Buoyancy production

− 𝜖︸︷︷︸
Dissipation

− 𝜕

𝜕𝑧

(
1
2 𝑤

′ 𝑢′
𝑖
𝑢′
𝑖

)
︸            ︷︷            ︸
Turbulent transport

− 𝜕

𝜕𝑧

(
𝑤′𝑝′

𝜌

)
︸       ︷︷       ︸

Pressure transport

+ R︸︷︷︸
Residual

. (12)

with (·) the horizontal average over the domain at height 𝑧, primes denote deviations from it. Fur-310

ther integration over 𝑧 recovers 𝜕𝑒/𝜕𝑡 = 𝜖prod − 𝜖diss with 𝜖prod being the production by shear311

and buoyancy. It is similar with the vertically-integrated of equation 7 with 𝜖inj = 𝜖prod.312

Figure 7 shows the domain-averaged TKE budget terms at t=6h (nighttime) and t=12h (day-313

time). It highlights the dominance of resolved terms, and mostly buoyancy fluxes associated with314
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cloud formation. While pressure redistributes energy from the bulk of the layer toward its bound-315

aries, nonlinear transport increases TKE in the middle of the boundary layer and decreases it near316

the boundaries ; this transport partly compensates the strong buoyancy-flux energy source near317

cloud top (𝑧 ≈ 0.9 H). At daytime, boundary-layer decoupling can be shown with the negative318

buoyancy production between 100 and 250 m, yet with pressure redistribution becoming posi-319

tive. Subgrid fluxes are relatively weak, yet with relatively strong loss by dissipation at the boundary-320

layer boundaries.321

4.2 Horizontal energy transfers322

In line with conventional atmospheric science practices, the cascade methodology is first323

applied to horizontal (2D) fields averaging over annuli rather than shells. At each altitude, en-324

ergy spectra and cascades are calculated blinded of information at the altitude above and below325

it, as would be done by turbulence monitoring and structures functions derived from flight tran-326

sect [e.g. Nowak et al., 2025] or Doppler Lidar data [e.g. Zhou et al., 2025]. Therefore, the ver-327

tical gradients are not used in the calculation.328

Figures 8 and 9 show, respectively, the 2D spectra and the cascades of TKE and 𝜃 variance329

at different levels of the boundary layer, for the HR simulation at 𝑡 + 6 h, when the cells grow330

upscale (Figure 6). Kinetic energy is maximum near the layer boundaries, with a peak at 𝑘𝜆 =331

2𝜋/𝜆LWP, whereas no clear peak is visible in the bulk. Thermal variance also peaks at the cell332

scale, but differs from TKE at high wavenumbers (small scales) where it shows stronger ampli-333

tude at cloud top and weaker in the bulk. This in line with differences in spatial fields of 𝜃 and334

TKE as already seen in figure 2.335

Figure 9a reveals direct (downscale) energy cascades from the cell scale 𝜆LWP toward smaller336

scales in the lowest and highest parts of the boundary layer. The inertial range is found at wavenum-337

bers around 𝑘H = 2𝜋/H, the wavenumber corresponding to the boundary-layer depth, and is con-338

firmed by a −5/3 slope in the energy spectrum (Figure 8a). An inverse cascade appears in the339

bulk for 𝑘 < 𝑘H/2, but it is relatively weak (an order of magnitude smaller than near the bound-340

aries). In contrast, thermal variance shows significant direct cascades from the cell scale to the341

dissipation range at all altitudes (figure 9b).342

To better visualize the gains and losses of energy, we compute the buoyancy flux, the pres-343

sure redistribution and the non-linear transfer terms in Fourier space from equation 12 at each344

altitude. Figure 10 shows that energy production peaks at the cell scale, driven both by positive345

buoyancy fluxes in the dry subcloud layer and by condensation heating (partly compensated by346

pressure redistribution at cloud base). Together, these results confirm the 2D cascade analysis:347

the energy injected by buoyancy at the cell scale is redistributed toward smaller scales near the348

layer boundaries. The non-linear transfer is weaker but shows an energy loss at the layer bound-349

aries and a gain at cloud base.350

In summary, using only 2D field, the direct (downscale) spectral energy transfer clearly dom-351

inates the weak inverse (upscale) transfer found at cloud base. Our results support the picture pro-352

posed by Zhou and Bretherton [2019], in which the horizontal cascade remains strictly direct at353

all resolved scales, and upscale growth arises instead from a progressive increase in the buoyancy-354

forcing injection scale itself — likely driven by radiative, thermodynamic, and moisture inter-355

actions operating at the cell scale [Ouyang et al., 2026]. This is broadly consistent with other stud-356

ies that highlight the role of radiation on shallow and deep convective organization in condition-357

ally unstable, cloudy regimes [e.g. Pauluis and Schumacher, 2011; Muller and Bony, 2015; Agasthya358

et al., 2025].359

This 2D analysis, however, does not capture the vertical injection of energy by thermals op-360

erating at scales smaller than the mesoscale cell size; we address this limitation in Section 5 us-361

ing the fully 3D wind field.362
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5 On the importance of using 3D fields363

5.1 Full energy cascade364

In contrast to classical 2D turbulence, where energy is injected horizontally through vor-365

tical motions, the stratocumulus-topped boundary layer has heat, moisture, and energy fluxes driven366

by coherent thermal plumes. These plumes may organize in space, merge, or be inhibited by de-367

coupling effects, yet remain constrained by the boundary-layer height set by the strong density368

inversion. In convectively-driven atmospheric boundary layers, it is therefore particularly diffi-369

cult to identify a single scale of energy injection.370

To account for both small-scale vertical thermals and large-scale horizontal cells, we com-371

pute the energy spectrum and cascade in the full 3D space. Two caveats to this methodology are372

worth noting:373

1. The model grid is highly anisotropic, with a horizontal resolution of 50 m (HR) and a ver-374

tical resolution varying between 5 and 10 m within the boundary layer. Despite interpo-375

lating the native vertical grid onto a homogeneous 10 m grid, this anisotropy persists in376

the resulting Fourier space.377

2. The 3D Fourier transform assumes periodicity of the wind field at boundaries, which is378

exact only in the horizontal directions.379

Starting back from methods explained on section 3, we compute the energy spectrum by380

summing over spherical shells of width 𝑑𝑘 in the 3D wavenumber space, using the isotropic wavenum-381

ber382

𝑘 =

√︃
𝑘2
𝑥 + 𝑘2

𝑦 + 𝑘2
𝑧 .

Following Alexakis et al. [2024], we additionally decompose the 3D spectrum into horizontal (per-383

pendicular) and vertical (parallel) components, Π(𝑘ℎ) and Π(𝑘𝑣), using 𝑘ℎ =

√︃
𝑘2
𝑥 + 𝑘2

𝑦 and384

𝑘𝑣 = |𝑘𝑧 |. The horizontal spectrum is obtained by summing the spectral energy and transfer385

densities over all grid points sharing a given value of 𝑘ℎ, irrespective of 𝑘𝑧 (i.e., a full cylindri-386

cal integration over the vertical wavenumber) using logarithmically-spaced bins in 𝑘ℎ. The ver-387

tical spectrum is obtained analogously by summing over all (𝑘𝑥 , 𝑘𝑦) at fixed 𝑘𝑧 , using the na-388

tive discrete vertical wavenumbers themselves as bin edges; as a result, the spectrum has a coarser389

and non-log-uniform resolution set directly by the number of vertical levels, which may provide390

a discretized appearance of the spectrum. For both decompositions we retain the shell/plane-integrated391

energy:392

Πℎ (𝑘ℎ) =
∫ 𝑘ℎ

0
𝑇ℎ (𝑘 ′ℎ) d𝑘 ′ℎ, Π𝑣 (𝑘𝑣) =

∫ 𝑘𝑣

0
𝑇𝑣 (𝑘 ′𝑣) d𝑘 ′𝑣 , (13)

consistent with the continuous definition 𝜕Π/𝜕𝑘 = 𝑇 (𝑘) introduced in Section 3. As before,393

the residual oblique transfer Πoblique (𝑘) (triads with 𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 all nonzero) may be obtained from394

Π(𝑘) = Π(𝑘ℎ) + Π(𝑘𝑣) + Πoblique (𝑘), and is not computed directly.395

Figure 11a shows the resulting energy spectra in the full 3D space at t+6h. Energy slowly396

decreases between the cell scale (𝑘 = 𝑘𝜆) and the boundary-layer-depth scale (𝑘 ≈1.5 𝑘H) fol-397

lowing a slope close to −5/3. It then increases sharply (by roughly a factor of 10) and decreases398

toward small scales following a −3 slope. The mode decomposition helps interpret the full spec-399

trum. The horizontal spectrum shows an clear energy maximum at the cell scale, a −5/3 slope400

at intermediate wavenumbers, and rapid decay for 𝑘 > 2 𝑘H. It shows consistency with the 2D401

energy spectrum (Figure 8). The vertical spectrum peaks near 𝑘H, the smallest vertical wavenum-402

ber set by the boundary-layer depth, and decreases following an approximate 𝑘−3 slope as does403

the full spectrum. At very high wavelengths, the vertical component dominates simply because404

it is the only one that exists; however, at all wavelengths where both components exist, it is the405

vertical component that is the most energetic. The decomposition thus help understand the full406

spectra, yet a non-negligible part of energy is tranferred through oblique wavenumbers (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ≠407

0)408
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Figure 11b shows the corresponding energy cascades. The horizontal-mode cascade con-409

firms the 2D result of section 3: energy injected at the cell scale is transferred strictly downscale.410

The vertical-mode cascade shows a direct transfer from 𝑘H toward small scales, consistent with411

three-dimensional turbulence dynamics acting along the vertical direction. The full 3D cascade,412

however, reveals a qualitatively different behavior: while energy is transferred toward high wavenum-413

bers for 𝑘 > 𝑘H, an inverse cascade is observed from 𝑘 ≈ 0.9 𝑘H (𝑙 = 1.1H) to scales of 𝑘 ≈414

𝑘H/10 (𝑙 = 0.1H ≈ 𝜆LWP).415

Figure 12 shows the evolution in time of the integral of the negative part of the full turbu-416

lence cascade for wavenumbers lower than 𝑘H (relative to the maximum value). The inverse cas-417

cade is present from the onset of the simulation and intensifies during the first 6 hours. Subse-418

quently, it exhibits a distinct diurnal cycle, dropping to near-zero values at night, before a resur-419

gence of the negative cascade emerges during the second night. It confirms the continuous large-420

scale transfer of energy, but also show that solar effects on the boundary layer act on reducing421

this cascade on average.422

As explained above, one caveat of our method is the use of a 3D Fourier transform in a do-423

main that is not periodic in the vertical. To address this, we also compute the kinetic energy cas-424

cade Π (equation 9) using scale filtering with periodic 2D FFTs in 𝑥 and 𝑦 and a Discrete Sine425

Transform (DST) in 𝑧. The DST respects the physical boundary condition (𝑤 = 0 at the bot-426

tom and top boundaries) instead of assuming full 3D periodicity. Figure 12 shows that this ap-427

proach yields results qualitatively similar to the 3D FFT method, albeit with weaker absolute val-428

ues. This suggests that the negative cascade is not an artifact of the vertical periodicity assumed429

in the 3D FFT.430

We think that these results are central to reconciling the discrepancy raised in Section 1 be-431

tween DNS studies reporting inverse-cascade-driven upscale growth [Vieweg et al., 2021, 2022]432

and LES-based studies reporting purely downscale, buoyancy-driven growth [Zhou and Brether-433

ton, 2019; Ouyang et al., 2026]. We find that inverse energy transfer emerges only when wavevec-434

tor triads involve a nonzero vertical wavenumber component (𝑘𝑧 ≠ 0); the purely horizontal mode435

(𝑘𝑧 = 0) however transfers energy strictly downscale from the cell scale, as also shown by the436

2D analysis of Section 3. This suggests that the apparent contradiction with previous studies may437

reflect a difference in dimensionality of the diagnostic used, rather than a fundamental difference438

in the underlying physics: horizontally-restricted cascade analyses cannot capture the vertically-439

mediated inverse-transfer channel identified here, which may explain why it was reported in fully440

3D DNS studies but not in previous LES-based horizontal cascade analyses.441

5.2 Cross-advection terms442

To go further, we decompose the 3D energy cascade into self-advection and cross-advection443

contributions:444

Π(𝑘) = Πℎℎ (𝑘) + Π𝑣𝑣 (𝑘) + Πℎ𝑣 (𝑘) + Π𝑣ℎ (𝑘) (14)

Consistent with the sign convention adopted in section 3, they are defined as:445

Πℎℎ (𝑘) = uℎ
<𝑘

·
(
uℎ · ∇ℎuℎ

)
Π𝑣𝑣 (𝑘) = 𝑤<𝑘 (𝑤 𝜕𝑧𝑤) (15)

446

Πℎ𝑣 (𝑘) = uℎ
<𝑘

·
(
𝑤 𝜕𝑧uℎ

)
Π𝑣ℎ (𝑘) = 𝑤<𝑘

(
uℎ · ∇ℎ𝑤

)
(16)

with u = (uℎ, 𝑤). This decomposition follows directly from expanding u<𝑘 · (u · ∇)u by ve-447

locity component and is therefore exact.448

The first two terms describe self-advection—the advection of the horizontal (respectively449

vertical) velocity field by itself—and the last two describe cross-advection, in which one veloc-450

ity component advects the other. Specifically, Πℎ𝑣 term represent the advection of the horizon-451

tal wind field by vertical motions, whereas Π𝑣ℎ term, the advection of the vertical velocity field452

by horizontal motions.453
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Figure 13a shows the cascade separation at t+6h. All four terms are positive (direct cas-454

cade) for wavenumbers 𝑘 > 𝑘H, and thus consistent with a direct, three-dimensional cascade455

in this range. For 𝑘 < 𝑘H, the horizontal self-advection term Πℎℎ remains direct, indicating that456

horizontal advection alone continues to transfer energy downscale even at scales larger than the457

boundary-layer depth — consistent with section 3. The vertical self-advection term Π𝑣𝑣 is close458

to zero for 𝑘 ≤ 𝑘H, as expected physically: since 𝑤 must vanish at the surface and at the boundary-459

layer top, the vertical velocity field carries negligible spectral energy at scales larger than H, leav-460

ing little for Π𝑣𝑣 to transfer there. The cross-advection terms show more structured behavior. The461

Πℎ𝑣 term is predominantly negative (inverse cascade) for wavenumbers corresponding to scales462

between H and 2H. The Π𝑣ℎ term is negative over a broader range, from 2H up to the cell scale463

𝜆LWP, and dominates the net inverse-cascade signal identified in the full 3D flux. It is worth not-464

ing that Πℎℎ and Πℎ𝑣 mostly compensate each other.465

Figure 14 shows the time evolution of the integrated cascades for 𝑘 < 0.9 𝑘H. It confirms466

that the total inverse cascade is weaker during daytime (as already seen in figure 12) and may even467

change sign at that time of day. This daytime variation is mainly driven by the cross-advection468

term Πℎ𝑣 , which suggests that the action of the vertical velocity on the horizontal field changes469

with solar radiation. By contrast, Π𝑣ℎ is weaker but remains negative throughout the day, sug-470

gesting that cellular patterns consistently favour the aggregation of coherent vertical motions. The471

isotropic term Πℎℎ is mostly positive but changes sign during daytime, in anticorrelation with472

Πℎ𝑣 . However, it is worth noting that while the negative Πℎ𝑣 cascade is confined to relatively low473

wavenumbers (0.4 𝑘H < 𝑘 < 0.9 𝑘H; see figure 13), the negative part of Πℎℎ extends to larger474

scales (typically between 0.4 𝑘H and 𝑘𝜆 - not shown). This may help explain why cellular pat-475

terns can continue growing during daytime (figure 6). A similar temporal variability is found in476

the LR simulation, although with a negligible Π𝑣ℎ component (not shown).477

We explain this variability through the diurnal cycle of the stratocumulus-topped bound-478

ary layer. At daytime, the boundary layer is decoupled and thermals can no longer coherently con-479

nect the surface and cloud-top boundaries. We hypothesize that this decoupling, driven by near-480

cloud-base stabilization, slow down vertical plumes, decrease mean TKE (Figure 2), and reduce481

their ability to transfer energy in large scales. At the same time, surface-based warm updrafts —482

no longer constrained by a continuous, vertically coupled return flow — merge with neighbor-483

ing updrafts, and cloud-top downdrafts spread and organize independently. This create areas of484

convergence/divergence that transfers energy horizontally, which is able to reach the mesoscales485

we simulate. Further research is nevertheless needed to identify whether these inverse cascades486

are sufficient to explain by themselves the growth rate of the cells that reach values of 30–40 as487

reported in Section 2, or if other physical processes also play a significant (or even dominant) role488

in this growth.489

5.3 Importance of boundaries490

To identify the altitudes at which the cascade is most active, we compute the spectral en-491

ergy flux from wind fields restricted to the layers below and above a cutoff altitude 𝑧, and follow492

its evolution as 𝑧 increases from 0 to 𝐻. Let ũ(𝑥, 𝑦, 𝑧′) denote the resolved 3D wind field on 𝑧′ ∈493

[0, 𝐻], and let H𝑧 be the indicator function of the layer [0, 𝑧]:494

H𝑧 (𝑧′) =
{

1, 0 ≤ 𝑧′ ≤ 𝑧

0, 𝑧 < 𝑧′ ≤ 𝐻.
(17)

We define the lower-layer and upper-layer wind fields as495

ũ+ (𝑥, 𝑦, 𝑧′; 𝑧) = u(𝑥, 𝑦, 𝑧′) H𝑧 (𝑧′), (18)
ũ− (𝑥, 𝑦, 𝑧′; 𝑧) = u(𝑥, 𝑦, 𝑧′)

[
1 −H𝑧 (𝑧′)

]
, (19)
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so that ũ+ + ũ− = u by construction. The corresponding bottom-up and top-down truncated496

spectral energy fluxes are defined, following the sign convention of Eq. 9, as497

Π+ (𝑘, 𝑧) = ũ+,<𝑘 ·
(
ũ+ · ∇

)
ũ+ (20)

Π− (𝑘, 𝑧) = ũ−,<𝑘 ·
(
ũ− · ∇

)
ũ− (21)

where (·) denotes the volume average over the full domain [0, 𝐻], and ũ±,<𝑘 is the large-scale-498

filtered truncated field, defined analogously to Eq. 10 with 3D Fourier transform. By construc-499

tion, Π+ (𝑘, 0) = Π− (𝑘, 𝐻) = 0 and Π+ (𝑘, 𝐻) = Π− (𝑘, 0) = Π(𝑘), the full-domain flux of500

Eq. 9.501

Two limitations of this approach should be noted. First, because Π(𝑘) is a nonlinear (triple)502

product, decomposing u = ũ++ũ− and computing Π+ and Π− separately omits the cross-interaction503

terms between the two truncated fields; consequently, Π+ (𝑘, 𝑧) + Π− (𝑘, 𝑧) equals the full cas-504

cade Π(𝑘) only at 𝑧 = 0 and 𝑧 = 𝐻, and should be interpreted with caution at intermediate505

altitudes. Second, the hard cutoff H𝑧 introduces a discontinuity in ũ± at 𝑧′ = 𝑧; since Π± re-506

quires spectral differentiation of the truncated field, this discontinuity can introduce spurious high-507

wavenumber contributions localized near the (moving) cutoff altitude itself, analogous to the periodicity-508

related caveat already noted for the vertical direction in Section 5.1. Despite these limitations,509

the decomposition remains useful for identifying the altitudes at which the cascade is most in-510

tense.511

Figure 15 shows both Π+ (𝑘, 𝑧) and Π− (𝑘, 𝑧) during the upscale cellular growth phase as512

before. As expected, the full-domain cascade Π(𝑘) is recovered at 𝑧 = 0 and 𝑧 = 𝐻 respec-513

tively (arrows). The direct cascade found at 𝑘 > 𝑘𝐻 (Section 3) is approximately homogeneous514

with altitude. In contrast, the inverse-cascade signature identified at 𝑘 < 𝑘𝐻 is concentrated ei-515

ther at cloud-top (Π+ (𝑘, 𝑧)) or near the surface (Π− (𝑘, 𝑧)). This indicates that, within the bulk,516

the upscale energy transfer is not homogeneous (contrary to the small-scale direct cascade) and517

that the net inverse transfer close to 𝑘𝐻 wavenumbers is concentrated at the near-boundary lay-518

ers. This is consistent with thermal plumes transporting energy toward the surface and cloud-top519

boundaries, where it feeds the largest horizontal scales through the (boundary-localized) inverse520

cascade.521

We interpret this as evidence that the upscale growth of the cellular organisation is con-522

trolled by a vertical-to-horizontal energy transfer, consistent with the dominant role of the cross-523

advection term identified in Section 5.2, and physically associated with the horizontal spread-524

ing of plume heads as they encounter the stable layers bounding the stratocumulus-topped bound-525

ary layer.526

6 Discussion527

In this work, we seek to clarify the physical drivers underlying the large, quasi-universal528

aspect ratio of cells in stratocumulus-topped boundary layers (section 2). With the use of the en-529

ergy cascade methodology (section 3), our results indicate that energy is injected both horizon-530

tally, at the cell scale, and vertically, at the scale of individual thermals constrained by the boundary-531

layer depth. The horizontal injection transfers energy strictly downscale (Section 4), whereas the532

vertical injection drives a genuine inverse cascade, concentrated near the surface and cloud top533

(Sections 5). This distinction — between where energy is injected and where it is redistributed534

upscale — should not be overlooked when interpreting scale-by-scale energy budgets in the at-535

mospheric boundary layer more generally.536

Structure functions are commonly used to characterize scale-to-scale energy transfer, and537

are particularly well suited to airborne measurements, which typically sample wind fields along538

a single flight track at fixed altitude [e.g. Brilouet et al., 2021]. Nowak et al. [2025] recently de-539

veloped a framework to estimate structure functions and their constitutive terms (buoyancy forc-540

ing, dissipation, and transport) for cumulus regimes sampled during the EUREC4A field cam-541

paign [Bony et al., 2018]. Consistent with our results, they find that the direction of energy trans-542
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fer depends strongly on altitude. However, our results also raise a more fundamental concern:543

structure-function approaches are generally built on an assumption of local isotropy, which our544

results suggest may not hold in shallow, boundary-confined convection, where vertical–horizontal545

coupling driven by thermals interacting with their surroundings plays a first-order role. This calls546

for revisiting the interpretation of turbulence diagnostics in shallow atmospheric boundary lay-547

ers, as also argued by Zilitinkevich et al. [2021] or DeWitt and Garrett [2025].548

As discussed in the introduction, Rayleigh-Bénard convection offers a useful framework549

for interpreting the development of large-scale cellular structures [Celani et al., 2010; Vieweg et al.,550

2021], whose early analyses point to some inverse kinetic-energy cascade as the driver of upscale551

growth [Vieweg et al., 2022]. Our results are broadly consistent with this picture, although we552

have less evaluated the corresponding thermal- and buoyancy-variance budgets, whose upscale553

transfer accompanies the kinetic-energy inverse cascade in classical Rayleigh-Bénard studies and554

is a natural extension of this work. Our results also align closely with the energy budget of Rayleigh-555

Bénard superstructures at moderate Rayleigh number reported by Green et al. [2020], who find556

that thermally-driven energy input occurs in the bulk and is subsequently transferred to smaller557

scales, while vertical energy redistribution by thermal plumes is constrained at the domain walls558

— inducing lateral spreading of plume heads and a corresponding transfer of energy toward the559

largest horizontal scales. This is consistent with our truncated-cascade analysis (section 5.3), and560

suggests that the upscale growth of stratocumulus cells is, at least in part, controlled mechani-561

cally by its physical boundaries (the rigid surface and the strong density inversion at cloud top)562

rather than solely by radiative or microphysical processes. We do not, however, interpret this as563

evidence that phase change and radiative heterogeneities are unimportant: our own results sug-564

gest that these processes instead set the horizontal injection scale and its slow evolution, while565

the boundary-confined mechanism identified here governs the subsequent inverse-cascade trans-566

fer of energy to larger scales. Disentangling the relative roles of these two, likely complemen-567

tary, pathways is an important target for future work ; for instance by tracking the behavior of in-568

dividual plumes through object-oriented characterization [Brient et al., 2024] as they approach569

and interact with the boundary-layer top and surface.570

Several limitations and further considerations regarding the present study could be addressed571

in future work on more realistic geophysical flows. First, our low- and high-resolution simula-572

tions saturate at different aspect ratios (30–40 versus ≈20, respectively), and even the larger of573

our two domains has a relatively modest aspect ratio (Γdomain ≈ 150); given that upscale cas-574

cades in confined turbulence are known to saturate once they reach the domain scale [Vieweg et al.,575

2021], larger-domain simulations are needed to confirm that the aspect ratios reported here re-576

flect a genuine physical equilibrium rather than a finite-domain, double-periodicity artifact. Sec-577

ond, our setup imposes a constant geostrophic wind (needed for calculating interactive surface578

fluxes), and a roll-like alignment of cells with the mean wind emerges after about 24 hours (Sec-579

tion 2). This suggests that shear may interact with, and potentially limit, the upscale growth mech-580

anism identified here and should be analyzed more deeply. Third, precipitation was disabled in581

our simulations in order to isolate and analyze the role of the dynamics. Since drizzle is a known582

driver of the transition to open-cell convection [Wood, 2012; Mayer et al., 2026], its interaction583

with the boundary-confined inverse-cascade mechanism proposed here remains to be character-584

ized. Finally, we note that this mechanism — energy injection at a boundary-confined plume scale,585

followed by upscale transfer sustained by confinement at rigid or quasi-rigid boundaries — is not586

obviously specific to stratocumulus, and may extend to other boundary-confined convective sys-587

tems as suggested by the slight cellular increase seen in the dry convective boundary layer [Jonker588

et al., 1999; de Roode et al., 2004]. It can also help understanding other geophysical convective-589

driven organized flows, such as Jovian vortices [Siegelman et al., 2022], and potentially to non-590

atmospheric analogues such as solar supergranulation [Rincon and Rieutord, 2018]. Testing this591

more general hypothesis, together with an observational validation of the mechanism itself —592

for instance using satellite-based cell-tracking algorithms to relate cell growth rates to boundary-593

layer decoupling state — offers a promising avenue for future research.594
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7 Conclusions595

In this study, we simulate the diurnal cycle of a stratocumulus-topped boundary layer us-596

ing large-eddy simulations performed with the Meso-NH model, with the aim of interpreting the597

upscale growth of the cellular pattern. Because this growth is associated with the aggregation of598

variance and energy at the largest scales, we investigate whether an inverse cascade transfers en-599

ergy from the scales of energy injection to the largest scales. Following the methodology of Alex-600

akis et al. [2024], we find that energy is mostly injected by thermal plumes constrained by the601

boundary-layer depth, and that it is transferred to the largest scales (𝐿 > H) through the advec-602

tion of horizontal winds by vertical motions. At nighttime, a second cross-advection cascade –603

horizontal motions advecting vertical velocity – also transfer energy upscale. During daytime,604

when boundary-layer decoupling reduces this transfer, this term become positive (downscale en-605

ergy transfer) but the horizontal field partly compensates through its own self-interaction, which606

help sustain the growth of the existing cellular pattern. Finally, our results suggest that these en-607

ergy transfers are particularly prominent near the vertical boundaries, suggesting that these bound-608

aries play an important role.609

This study shows that the upscale mechanisms in the stratocumulus-topped boundary layer610

are similar to those identified for superstructures in Rayleigh–Bénard convection in high-resolution611

simulations. This suggests that, to first order, moisture-related processes are not essential for up-612

scale transfers, which instead rely on nonlinear kinetic energy transfers. This study also highlights613

the importance of inverse energy cascades, as in two-dimensional turbulence, and suggests re-614

visiting the concept of isotropic turbulence in atmospheric boundary layers, in line with Zilitinke-615

vich et al. [2021]. Diabatic processes may nevertheless play a non-negligible role in the cellu-616

lar appearance, through the decoupling and aggregation of plumes. Finally, observations show617

a constant cell size [Monnier et al., 2026], which raises the question of what stops the inverse cas-618

cade and upscale cellular growth. This points to a potential large-scale drag setting the scale at619

which the cascade stops, possibly associated with humidity–radiation effects constrained by the620

diurnal cycle. Following recent studies on cumulus clouds [Bony et al., 2025; Falcone et al., 2026],621

further analyses should focus on plume–plume and plume–environment interactions in both well-622

mixed and decoupled shallow atmospheric layers.623

Acknowlegedments624

This work was supported by the French ANR grant MOBYDYC (ANR-22-CE01-0005).625

FB supports the Institut Universitaire de France for financial support and BP acknowledges the626

Ecole Normale Supérieure for funding his PhD fellowship. The authors would like to thank Lokahith627

Agasthya, Alexandros Alexakis, Robin Hogan, Louis Jaffeux, Martin Janssens, Brian Mapes, Jakub628

Nowak, Olivier Pauluis for valuable discussions. This work was granted access to the HPC re-629

sources of IDRIS made by GENCI (Jean Zay supercomputer). The authors gratefully acknowl-630

edge the Meso-NH support team (LAERO/CNRM) for their technical assistance and valuable help631

with the model setup and simulations.632

References633

Agasthya, L., C. Muller, and M. Cheve (2025), Moist convective scaling: insights from an634

idealised model, Quart. J. Roy. Meteor. Soc., 151, e4902, doi:10.1002/qj.4902.635

Agee, E. M., T. Chen, and K. Dowell (1973), A review of mesoscale cellular convection,636

Bull. Amer. Meteor. Soc., 54(10), 1004–1012.637

Ahlers, G., S. Grossmann, and D. Lohse (2009), Heat transfer and large scale dynamics in638

turbulent rayleigh-bénard convection, Reviews of modern physics, 81(2), 503.639

Alexakis, A., and L. Biferale (2018), Cascades and transitions in turbulent flows, Physics640

Reports, 767, 1–101.641

Alexakis, A., R. Marino, P. D. Mininni, A. van Kan, R. Foldes, and F. Feraco (2024), Large-642

scale self-organization in dry turbulent atmospheres, Science, 383(6686), 1005–1009.643

–16–



Confidential manuscript submitted to ¡enter journal name here¿

Atkinson, B., and J. Wu Zhang (1996), Mesoscale shallow convection in the atmosphere,644

Reviews of Geophysics, 34(4), 403–431.645

Batchelor, G. K. (1969), Computation of the energy spectrum in homogeneous two-646

dimensional turbulence, The Physics of Fluids, 12(12), II–233.647

Bony, S., B. Stevens, F. Ament, S. Bigorre, P. Chazette, S. Crewell, J. Delanoë, K. Emanuel,648
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Figure 1: (Top) Evolution of the liquid water content (g/kg) for the LR simulation. White and red
lines show the minimum cloud fraction (defined when the domain average is higher than 0.01) and
the boundary-layer depth respectively. (Bottom) Evolution of the mean and variance of Liquid
Water Path (red and black respectively). The yellow bands show daytime.
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t+3h t+6h t+12h t+24h

Figure 2: Spatial distribution of Liquid Water Path (g/m2) and anomalies of vertically-averaged
liquid-water potential temperature (𝜃 ′

𝑙
- K) and of Turbulent Kinetic Energy (TKE - m2/s2) at t+3,

t+6, t+12, t+24 for the LR simulation.

Figure 3: Evolution in time of adimensional Prandtl, Rayleigh and Nusselt numbers respectively
for the LR simulation. Note that Rayleigh number are on the order of 1017.
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Figure 4: Radial spectra of the Liquid Water Path variance (kg2/m3) for the first 48 hours of the
LR simulation. Wavenumbers are divided by 𝑘H, the wavenumber corresponding to the boundary-
layer depth H (vertical dashed line). Observations of ΓLWP are shown with a grey bar. The -5/3 line
is shown as a dashed grey line.
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Figure 5: Temporal evolution for the LR simulation of the aspect ratio of Liquid Water Path (black
dots), and the vertical-averaged Turbulent Kinetic Energy (blue), liquid water potential temperature
(red) and total specific humidity (green). The TKE is separated in their horizontal (dashed) and
vertical (dotted-dashed) components. The horizontal component is hidden by the full TKE line.
The lines show lowess regression applied to the raw data with a smoothing parameter of 10 hours
(≈10%) to reduce high-frequency fluctuations.

Figure 6: Same as figure 5 for the HR simulation during 36 hours. Lines are colors are defined on
figure 5.
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Figure 7: Decomposition of the domain-averaged TKE budget of the HR simulation at nighttime
(left, t=6±3 hours) and daytime (right, t=12±3 hours). Resolved parts are represented as full lines
and the subgrid component, mostly linked to dissipation, as a dashed line.
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Figure 8: Radial spectra of turbulent kinetic energy 𝐸 (m3/s2) and liquid-water potential temper-
ature variance 𝐸𝜃 𝜃 (𝑚.𝐾2) for the HR simulation at t+6h. Each spectrum is an vertical averaging
over a 0.2 H depth (≈120 m) at altitudes of 0.1, 0.5 and 0.9 H. Wavenumbers are divided by the
boundary-layer depth (vertical dashed line). Aspect ratio ΓLWP is shown as the red dashed vertical
line. The -5/3 line is shown as the dashed grey line in the energy spectrum.
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Figure 9: Energy cascade Π (m2/s3) and thermal variance cascade Π𝜃 𝜃 (K2/s) at different altitudes
for the HR simulation at t+6h. Colors and lines are defined on figure 8
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Figure 10: Component of the TKE budget in the Fourier space (m3/s3) computed horizontally at
each altitude for the HR simulation at t+6h. Left panel represents the sum of buoyancy production
and pressure redistribution, and right panel shows the non-linear transport. The horizontal dashed
line is the domain-mean cloud base and the red line is the cellular aspect ratio. Dotted lines shows
the boundary layer height 𝐻.
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Figure 11: Full (blue), horizontal (orange), and vertical (green) energy spectra 𝐸 (top) and cas-
cade Π (bottom) for the HR simulation at t+6h. The aspect ratio ΓLWP is represented by the vertical
dashed red line.

–28–



Confidential manuscript submitted to ¡enter journal name here¿

Figure 12: Evolution in time of the integrate of the negative TKE cascade for wavenumbers lower
than kH for the HR simulation. Lines show Lowess regressions applied to the hourly raw data
(dots) with a smoothing parameter of 7.2 hours (20%). Blue correspond to the 3D FFT computa-
tion and orange to the Discrete Sine Transform (DST) transforms along the z axis. Both variables
are plot relative to the maximum absolute value of the TKE cascade.
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Figure 13: Separation of the spherically-averaged cascade shown on figure 11 (blue line) between
isotropic (cyan) and anistropic (magenta) terms for the HR simulation at t+6h. The aspect ratio of
the LWP cells is represented by the vertical dashed red line.

Figure 14: Evolution of time of the integrate of the cascades for all k<0.9 kH separated in isotropic
and cross-advection terms for the HR simulation. Lowess regression (curves) applied to the hourly
raw data (dots) with a smoothing parameter of 7.2 hours (20%).
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Figure 15: Bottom-up and top-down truncated energy cascade (Π+ and Π− respectively) for the
HR simulation at t=6h. The zero-line is shown with a black line. Arrows highlights the negative
cascade at k<kH. Horizontal dashed line represented discretized levels used to calculated truncated
cascades.
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